During the non-breeding seasons, coastal waders (or shorebirds) have the helpful habit of congregating at a relatively small number of sites where they can be counted. The summations of such counts are then taken to represent estimates of the population size of that subspecies or species. On this basis, Wetlands International and the International Wader Study Group have issued a series of summary reports on the status of many of the world's waterbird populations (Delany et al. 2009 , Wetlands International 2002 , Stroud et al. 2004 . However, such estimates of population size still suffer from systematic counting errors (Rappoldt et al. 1985 , Rogers et al. 2006 , as well as gaps in coverage that may (or may not) partly be taken care of by statistical 'imputing' techniques (Underhill & Prys-Jones 1994 , Atkinson et al. 2006 ).
An alternative to the determination of total population sizes by large-scale counting efforts would be the marking of samples of birds, and the subsequent measurement of the densities of marked birds, i.e. the mark-resighting method (Krebs 1989 , Ganter & Madsen 2001 , Gunnarsson et al. 2005 , Lourenço et al. 2010 . If the number of surviving marked birds can be estimated, total population size could actually be approximated from that number multiplied by the measured dilution (ratio unmarked to marked), including confidence intervals around the estimate (Krebs 1989 , White 1996 . This is all valid if one important assumption is met: the marked birds randomly disperse within the population. This is unlikely to be the case in the location where birds are marked (Warnock & Takekawa 1996 , Burton & Evans 1997 , Leyrer et al. 2006 ). However, migrant waterbirds move between locations, and if the population structure is not maintained during such moves (i.e. that birds are distributed randomly among conspecifics away from the marking site), then this assumption could be met.
Here we present population estimates based on the mark-resighting technique for three wader populations in the East Atlantic Flyway: (1) the Afro-Siberian Red Knot Calidris canutus canutus , (2) the Nearctic Red Knot Calidris c. islandica and (3) the Afro-Siberian Bar-tailed Godwit Limosa lapponica taymyrensis (Engelmoer & Roselaar 1998) . Canutus Knots were individually marked in their wintering area on the Banc d'Arguin in Mauritania, islandica Knots during autumn, winter and spring in the Dutch Wadden Sea and individuals of the taymyrensis Bar-tailed Godwit population during spring stopover in The Netherlands and in Germany. Over the course of 6-9 years, sufficient numbers of individuals of each population were resighted to get an accurate estimate of annual survival. These survival rates allow us to estimate the total number of colourmarked birds present in the population at any moment that we determined ring densities. To avoid effects of site-faithfulness resulting in a relatively high ringdensity in the ringing location (Leyrer et al. 2006 ), densities of marked individuals were determined in locations far away (2000-4300 km) from the ringing sites. To some extent we were able to verify the assumption of a random distribution of marked individuals among conspecifics.
METHODS

Colour-ringing the populations
Calidris c. canutus
The Afro-Siberian Knots were all caught and marked near the village of Iwik on the Banc d'Arguin in Mauritania (19°53′N, 16°18′W) ( Fig. 1 , location 2) (Leyrer et al. 2006) . They are, by definition, of the canutus subspecies, because islandica does not occur there (Piersma et al. 1992) .
Calidris c. islandica
Islandica Knots were caught in the Dutch Wadden Sea (53°15′N, 5°15′ E) ( Fig. 1 , location 1) . The maximum distance between the 10 different catch sites was less than 90 km. When caught between October and March these birds are, per definition, islandica (Davidson & Wilson 1992 ). However, from the end of July until the end of September and in May, canutus Knots use the same location as a stopover site, and we cannot distinguish these two subspecies on the basis of plumage (Nebel et al. 2000) . We did not catch birds in May, but in July, August and September we did. At this time, the majority of adults are moulting the primaries. As canutus Knots do not start wing-moult until they have reached the wintering area (Piersma et al. 1992) , we assumed that the adults in wing-moult are islandica . More problematic are the second calendar year birds recognizable by their basic plumage and advanced wing-moult when captured in July-August, and the non-wing-moulting adults caught during this time. When birds of the latter category were heavier than 155 g, indicating that they were preparing for longdistance migration, we assumed that they were canutus (Nebel et al. 2000) ; note that we never caught adults in wing-moult (= islandica ) that were that heavy. All marked Red Knots of which it was uncertain whether they were islandica (29% of the catch) were left out of consideration here.
Limosa l. taymyrensis
Bar-tailed Godwits of the taymyrensis subspecies were all caught in The Netherlands and Germany (Fig. 1 , locations 1 and 3) between 20 April and late May. The maximum distance between catch sites was 335 km. From late April onwards, the birds arrive from their West African wintering areas and use the Wadden Sea as their main spring fattening area (Piersma & Jukema 1990 , Duijns et al. 2009 ). In July and August these birds use the Wadden Sea again as a stopover during their return migration to West Africa (Drent & Piersma 1990 , Engelmoer 2008 . Resightings show that some individuals caught between 20 April and the end of May and some more birds caught in July and August were actually wintering in Europe. We assume that these birds belong to the lapponica subspecies (see Engelmoer 2008 , Duijns et al. 2009 ). From extensive ring-reading during the winter months in the western part of the Dutch Wadden Sea, we estimated that 6.7% of the birds caught between 20 April and late May were lapponica (B. Spaans et al. unpubl. data) . However, for July and August this fraction was 41%. Here we have left out birds caught in late July and August.
All birds were individually marked with four colourrings (two on each tarsus, four different primary Downloaded by [University of Groningen] at 03:01 17 June 2013 colours) and a flag (colour-ring with an extension) on eight different positions (Brochard et al. 2002 , Piersma & Spaans 2004 , see also www.nioz.nl: and then navigate the site via research, scientific departments, marine ecology and projects to Colour Rings). In this way, we are able to make 2048 different combinations per flag colour. The numbers of individually marked birds per year on which our analysis is based are listed in of resighted individuals and the fraction observed in the main area of observation are listed per population in Table 2 . The observations also yielded information on the distribution of the marked birds over the wintering and/or staging areas and some relevant results are presented here to verify the assumption of random mixing of marked birds away from the ringing sites.
Determining densities of marked birds
Ring densities were mainly determined at the foraging areas (intertidal mudflats) by scanning all individuals for which both legs could be seen. When a colourringed individual was found, the number of scanned individuals counted up until that point was noted and the combination was read. We always tried to check as many different individuals as possible. When we found large concentrations of Red Knots of which the legs of a large fraction could not be seen during one scan, for instance when feeding on mudflats with a variation of dry parts and shallow pools of water, we had to make multiple scans through the flock. In those situations every new scan consists of newly controlled birds and birds that were already controlled during the previous scans. So the final number of controlled birds is not the sum of the numbers controlled during each scan, but had to be estimated. By counting the total number of birds in the flock, the final number of controlled birds (X) was estimated with the following formula, representing the probability of being controlled multiplied by the total number in the flock. Here we assume that the probability of seeing particular individuals within the flock is random.
where T = the total number in the flock, and C i = the number controlled at scan i. Although high-tide roosts have the advantage that many birds are concentrated, it appeared that scanning for colour-rings of birds on high-tide roosts was usually impossible because birds were standing too close together, or on one leg, or in shallow water. Only in a few situations where we gained a clear view could we get reliable ring density estimates at high-tide roosts.
The locations where ring densities were determined
Calidris c. canutus
Ring densities of canutus Knots caught on the Banc d'Arguin, Mauritania were determined from 21 to 28 May 2006, from 22 May to 3 June 2007 and from 22 May to 4 June 2008 in the Schleswig-Holstein part of the German Wadden Sea, between the river Elbe in the south (53°52′N, 08°52′E) to the town of Husum in the north (54°29′ N, 09°03′ E) ( Fig. 1 , location 3) . The Schleswig Holstein area is known as the single most important spring staging area for this population (Prokosch 1988 , Piersma et al. 1992 . Although islandica Knots do occur in this area, adults of this population would have left the German Wadden Sea before 20 May (Prokosch 1988 , Dick et al. 1987 majority remains in the wintering areas in West Africa (van Dijk et al. 1990 ). Thus, ring density estimates here were only made among Red Knots in summer plumage.
Calidris c. islandica
The ring densities of the Nearctic islandica Knots were determined from 9 to 28 May 2007 at a number of coastal areas in Iceland (65°N, 22°W) ( Fig. 1 , location 4) . These areas are known to be an important spring staging area for islandica Knots (Gudmundsson & Gardarsson 1993) . Canutus Knots do not occur at all there (Piersma et al. 1992) . As juvenile Knots tend to remain on the winter grounds during their first summer, very few, if any, juvenile islandica Knots will occur in Iceland at this time.
Limosa l. taymyrensis
To determine ring densities of Bar-tailed Godwits marked during stopover in the Netherlands and Germany, we went to their main wintering areas in West Africa, the Banc d'Arguin in Mauritania (19°50′N, 16°23′W) ( Fig. 1 , location 2) , making observations from 6 to 13 December 2007. This area is known to be the most important wintering area for this population (Altenburg et al. 1993 , Engelmoer et al. 1984 , Hagemeijer et al. 2004 .
For comparison, ring densities were also determined in the areas of ringing for all three populations. The locations of ringing and ring density determination are summarized per population in Table 3 , including the (great circle) distance between them.
Numbers of marked birds and the estimation of population size
To be able to estimate the total number of marked birds present in the population at the moment we determined the ring density, we need an estimate of the annual survival. Our survival analysis is based on the resightings of the marked birds (Tables 1 & 2 ) . We calculated annual survival by using the Cormack-Jolly Seber model in the mark software package and use the estimates of the most parsimonious model (White & Burnham 1999) . For all three populations, the model with a year-dependent survival in the first year after catch and a (higher) constant survival in the following years, and a year-dependent resighting probability appeared to be the best model. Finding lower survival in the first year after catch than afterwards is common in wader studies (Sandercock 2003) , and has been attributed to a fraction of birds being 'transient' (i.e. accidentally passing through the catching and monitoring locations) and enhanced mortality just after catch. Thus, we used the variable Φ year 1 to estimate the number of surviving individuals during the first year after catch and the constant Φ after year 1 for the following years. The average overall estimate of Φ year 1 was 0.79 for canutus Knots, 0.80 for islandica Knots, and 0.57 for taymyrensis Godwits. The estimate of Φ after year 1 (±se) for canutus Knots was 0.85 ± 0.03, for islandica Knots 0.87 ± 0.01 and for taymyrensis Godwits it was 0.81 ± 0.02. We calculated the number of marked birds in the population in year (T + 1) by multiplying the cohort from year T (Table 1 ) by the annual survival as given above. By repeating this until the season in which we determined ring densities, we end up with the estimated number surviving in that season.
Finally, the latter number was corrected by inter-seasonal mortality rates. As the period between midwinter and May is about half a year, we assumed the mortality between midwinter and May to be half (50%) of the annual mortality for canutus Knots as well as the taymyrensis Godwits. For the islandica Knots, the time between the period of observation (ring-reading) on the wintering grounds (mainly Wadden Sea) and spring-fattening on Iceland in May is shorter than half a year. That is why we assumed the mortality between wintering and spring-fattening in 2007 to be 25% of the annual mortality. The Red Knots caught as juveniles are supposed not to migrate to the spring-staging sites in their first year and are therefore not taken into account.
The estimates of the number of marked birds alive obtained as described above are listed in Table 4 . For the Bar-tailed Godwit the numbers originally caught (Table 1 ) were corrected for the small fraction (6.7%) of Limosa l. lapponica in the catches. To give an idea of the variation associated with the estimated numbers alive, we calculated the lower and upper limit of the number of marked birds alive using the upper and lower limits of the 95% confidence intervals of the survival estimates (Table 4 ) .
With the ring densities determined at independent resighting occasions as input, we used the noremark freeware package to compute the population sizes and its 95% confidence limits, using the joint hypergeometric maximum likelihood estimator (JHE) of population size (White 1996) .
For both Red Knot populations, the estimates apply for the adult population only (because ring density is determined in areas rarely, if ever, used by juveniles in May). For comparison with the population estimates based on counts, our estimates need to be corrected for the fraction of juveniles. We assumed that the average proportion of juveniles is comparable to the annual mortality and therefore used 15% juveniles in canutus and 13% juveniles in islandica Knots for this correction. Population estimates were rounded off to the nearest 1000.
RESULTS
Evidence for random distribution of the marked birds
In case our marked birds would concentrate in the locations where we determined ring densities (Fig. 1 ) , the assumption of random distribution is not met. Showing that our marked birds use many sites along their migration routes is at least an indication that these birds are more widely distributed.
For canutus Knots no other important spring staging area besides the Wadden Sea in Schleswig-Holstein is known (Dick et al. 1987) . However, individuals marked on the Banc d'Arguin were resighted in May in the Netherlands (three), France (five) and Spain (two).
Besides Iceland, the other well-known spring staging area for islandica Knots is situated in northern Norway, mainly around the Porsanger Fjord, about 2200 km away from the Dutch Wadden Sea (Davidson et al. 1986 , Wilson et al. 2007 . In this location, at least 77 different individuals of islandica Knots, marked in the Wadden Sea, were observed (Wilson et al. 2007) .
Taymyrensis Godwits marked during northward migration in the Netherlands and Germany were resighted on the Banc d'Arguin (100 different individuals), and elsewhere in West Africa: one in Senegal, one in the Gambia, one in South Africa and five in Namibia. In Namibia, three of our ringed Bar-tailed Godwits were found among 1190 individuals in January 2009 (B. Spaans, unpubl. data). When we compare the distribution over the catching sites of all marked Bartailed Godwits observed on the Banc d'Arguin during 6 years (100 individuals) with the expected distribution on the basis of random distribution, there appeared to be no significant difference (Table 5 ) . Table 6 lists by population the number of birds that were checked for markings in and far away from the ringing locations, the number of marked birds found, the ratios of unmarked to marked and the dilution factor. The dilution factor D indicates how much lower the ring densities were in the far-away locations than in the ringing locations, the ratio being highest (14-18) in canutus Knots and lowest (2) in islandica Knots ( Table 6 ) .
Ring densities and population estimates
The population estimates, including the 95% confidence intervals, are listed in Table 7 . These estimates apply for both the Red Knot subspecies for the adult population only. Table 6 . The number of individuals controlled for colour-rings (Nc), the number of marked individuals (M) and the ratio unmarked to marked (Nc/M) in the far-away and in the ringing locations. D, the dilution factor = (Nc/M in far-away location)/(Nc/M in ringing location). See Fig. 1 and Table 3 for the ringing and far-away locations per population. Our estimates, now corrected for the fraction of juveniles for both the Knot populations, are presented together with the most recent estimates based on counts (Delany et al. 2009 ) in Fig. 2 .
Ringing location
DISCUSSION
Do the marked birds distribute randomly away from the marking site?
Our marked Bar-tailed Godwits were resighted all along the western shores of Africa as far as South Africa, showing that these birds do not exclusively go to a certain part of the wintering area but distribute themselves more widely. The observation of three of our marked birds among 1190 Bar-tailed Godwits in Namibia (Nc/M = 397) is an indication that ring-density in this very southern part of their wintering range is not very different from the ring density of Nc/M = 308 on the Banc d'Arguin, suggesting random distribution over the whole wintering range.
Many of our marked islandica Knots were seen in northern Norway (Wilson et al. 2007) , showing that islandica Knots caught in the Dutch Wadden Sea use the Icelandic as well as the Norwegian spring staging sites.
The fact that we see dilution in the far away locations (Table 3 ) shows that ring densities obtained at the catching location cannot be used to estimate population size. The differences in dilution factor between the species reflect their degree of site-faithfulness to the catching location, varying from a factor of 18 for the extreme site-faithful canutus Knots in their wintering area on the Banc d'Arguin (Leyrer et al. 2006 ) to a factor 2 for the islandica Knots in the Dutch Wadden Sea with their very large home-ranges (Piersma et al. 1993 , van Gils et al. 2005 . However, dilution only shows that, away from the location of ringing, there is at least a certain degree of mixing among conspecifics. The best evidence for random mixing is the comparison of the catching-site origin of all the Bar-tailed Godwits ever resighted on the Banc d'Arguin (Table 5 ) , where catching origin did not differ from the predicted origin based on randomness. Thus, we have no indication that away from their ringing-site the marked birds are not randomly distributed, although it is clear that the assumption of randomness needs more investigation in the near future.
Population size estimates
Calidris c. canutus
The most recent population estimate for the canutus Knots based on counts made in 2001 is 400 000 (Delany et al. 2009) , which is higher than the 340 000 in the 1990s but down from earlier estimates of up to 550 000 in the 1980s (Stroud et al. 2004 , Wetlands International 2002 , Smit & Piersma 1989 . Our estimate including the fraction of juveniles will be around 435 000 (three years averaged) with a 95% CI of 294 000-508 000 (Fig. 2 ) . As the most recent estimate based on counts lies well within this range, our results are in accordance with it. 
Calidris c. islandica
Based on counts, the most recent estimate of the size of the islandica Knot population is 450 000 (Delany et al. 2009 , Stroud et al. 2004 , which represents a higher number than the 345 000 in the early 1980s (Smit & Piersma 1989) . Correcting our estimate for the fraction of juveniles, we end up with total population 352 000 and a 95% CI of 276 000-423 000. The most recent estimate based on counts is about 28% higher than our estimate and lies just outside the CI. Taking the variation around the survival estimates used into account (Table 4 ) , the upper limit of the number of marked birds alive is 1550. This is almost 20% higher than the 1296 marked individuals used here to estimate the population size. Using this upper limit of 1550 marked individuals would yield a population of 420 000 (juveniles included), very close to the 450 000 based on counts. Summarizing, we can say that our results slightly indicate a somewhat smaller population than assumed. A real recent population decline would not be unlikely as a consequence of shellfish dredgingrelated declines in the food stocks for Red Knots in the Dutch Wadden Sea that have been shown to negatively affect the population (van Gils et al. 2006 , Kraan et al. 2009 ).
Limosa l. taymyrensis
The size of the taymyrensis Bar-tailed Godwit population, based on counts, is estimated to be 600 000 (Delany et al. 2009 ), a rise from an earlier estimate of 520 000 (Wetlands International 2002 , Stroud et al. 2004 ). Both figures are much higher than our estimate of 240 000 and are far outside the 95% CI limits (Fig. 1 ) . Even if we take the possible variation around our survival estimates into account ( (Table 6 ) , still far beyond the estimate based on counts.
Has there been a real decline of the Bar-tailed Godwit taymyrensis population?
When Bar-tailed Godwits which spring-stage in the Netherlands concentrate on the Banc d'Arguin in winter, we would measure a high ring density there and find therefore a low population estimate. The fact that we received resightings from our marked birds from Senegal, The Gambia, Namibia and as far south as South Africa indicates that taymyrensis Godwits marked in the Netherlands and Germany utilize the whole West African coastline as a wintering area, not just the Banc d'Arguin.
It is well established that the vast majority of the taymyrensis population uses the international Wadden Sea in May as a fuelling area where birds stage there at least three weeks to accumulate sufficient energy stores (Scheiffarth et al. 2002 , Piersma & Jukema 1990 . Consistent with our low population size estimate of 240 000, the numbers counted there are also considerably lower than the total population estimate of 600 000 based on counts in the wintering areas (Delany et al. 2009 ). Between 1993 and 2000 May numbers in the entire Wadden Sea ranged between 100 000 and 150 000. Only in May 1995 was a total of 348 000 birds counted there (Blew & Südbeck 2005) . Assuming a population of about 600 000, only a high turnover rate could explain these low actual counted numbers in May in the Wadden Sea. However, as the birds need to increase body mass by almost 200 g in May at a rate of 6.5 g per day (Piersma & Jukema 1990) , they will need the full month to do so. Therefore a high turnover rate seems unlikely. If the current population size is indeed smaller than hitherto assumed, either the birds were over-estimated during the counts in West Africa or the population has declined recently.
With respect to over-counting we can say the following. At the numerically most important wintering area of taymyrensis Godwits, the Banc d'Arguin, the total number is determined to a large extent by a few very large concentrations. Altenburg et al. (1983) counted 364 000 Godwits (= 67% of their total) in only four concentrations ranging from 56 000 to 170 000 and Hagemeijer et al. (2004) counted 245 000 Godwits (= 61% of their total) in four concentrations ranging from 41 000 to 104 000 Bar-tailed Godwits. Moreover, these large flocks are mixtures of Bar-tailed Godwits and Red Knots and a number of smaller species and counters are often time-stressed because they have to count a large area during the same high tide (Altenburg et al. 1983) . Given these circumstances large but unknown mistakes may be possible.
Concerning a possible recent population decline, this is in fact measured in May on the spring staging sites in the Wadden Sea (Blew & Südbeck 2005) . Moreover, the average annual survival of 0.81 found by us over the period 2001-2007 is remarkably low for a wader of this size. In Icelandic Black-tailed Godwits Limosa limosa islandica , for instance, survival values of 0.87 and 0.94 were found (Gunnarsson et al. 2005) . The low survival found by us in the taymyrensis Godwits could thus indicate a period of higher than normal mortality and this could result in a population decline if the reproduction did not compensate the increased mortality (Boyd & Piersma 2001 ). Unfortunately we do not have any reliable measurements of the reproductive success in the taymyrensis Godwit population. However, even if we would use the high survival values as found in the Icelandic Black-tailed Godwits (also during the first year after catch), our estimated populations sizes would be 371 000 (using Φ = 0.87) and 456 000 (using Φ = 0.94), values still far away from the 600 000 estimate based on counts. Thus we think that our data indicate that the recent population size of taymyrensis could well be remarkably smaller than assumed.
CONCLUSIONS
The mark-resighting approach to estimate total population size used previously by Gunnarsson et al. (2005) and Lourenço et al. (2010) in two subspecies of Blacktailed Godwits is not only a very useful addition to the traditional counts, but potentially a superior way to estimate population size because of the ability to derive confidence limits and the fact that not all locations have to be visited and counted. The latter is an obvious advantage and holds even more for species that occur more widespread than those described in this paper, Ruffs Philomachus pugnax , for example (Stroud et al. 2004) . Nevertheless, the approach warrants considerable investment because a colour-marking program needs to be established. Once this is done and resighting efforts are maintained, estimations can be repeated each year with much less effort compared to the organization of comprehensive counts. Indeed, the markresighting approached is now applied on a worldwide scale to monitor the fate of the many currently endangered long-distance migrating wader populations (Piersma 2007 
